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Coating morphologyThe paper reports a change in the morphology of coatings formed galvanostatically on titanium by plasma
electrolytic oxidation in phosphoric/sulfuric acidmixtures, and investigated using scanning electronmicroscopy,
X-ray diffraction, and glow discharge optical emission spectroscopy. An initial grooved morphology, containing
anatase, is transformed to a more usual porous morphology, which may also contain rutile. The coatings also
contain phosphorus species, but comparatively small amounts of sulfur species. Themorphological changeoccurs
over a range of cell charge that is strongly dependent on themolar ratio of the acids butweakly dependent on the
applied current. With the change in the coating morphology, the efﬁciency of coating formation reduces and the
sparking becomes more localized and intense. Lap shear tests show that the grooved morphology provides
a ~60% increase in the strength of adhesively bonded joints compared with a porous morphology.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Titanium and its alloys have been adopted as engineering materials
for a broad range of aerospace, petrochemical, catalysis, cryogenic and
biomaterial applications, due to their attractive mechanical properties,
low density, biocompatibility and corrosion resistance. In order to
further enhance their surface performance, a range of surface modiﬁca-
tion techniques have been employed, including sol–gel coating [1,2],
chemical vapor deposition (CVD) [3], hydrothermal treatment [4,5]
and anodic oxidation [6–9]. Of relevance to the present study, plasma
electrolytic oxidation (PEO), a development from anodizing, has
attracted much recent interest due to its potential for formation of rela-
tively thick, ceramic coatings on lightmetals [10–13]. The coatings often
display good corrosion protection, high hardness, good wear resistance
and excellent substrate adhesion [14–17]. DC, AC and pulsed electrical
regimes may be used, leading to discharges at the treated surface
where the coating material is formed under high anodic potentials
[10,18]. The coatings usually contain constituents originating from
both the substrate and the electrolyte and owing to the high tempera-
tures and pressures at the locations of discharges may contain phases
that are not generated under conditions of conventional anodizing
[19]. They also contain signiﬁcant porosity, which may be created by
the discharges and gas generation that accompanies the process [20].44 161 306 4826.
on).
. This is an open access article underThe coating morphology is affected by the nature of the discharges,
which may change in characteristics, such as optical emission, lifetime,
and acoustic emission, during the PEO treatment [21]. However, there
is no detailed understanding of the relationship between the discharges
and themorphology, composition and structure of the resultant coating
that allows a prediction of the coating properties under particular
growth conditions. Further, the mechanism of coating formation is
poorly understood, possibly involving anodic oxidation, thermal oxida-
tion, thermolysis and plasma chemical reactions.
PEO studies of titanium have examined the inﬂuences of process
parameters on the composition and microstructure of coatings, as well
as their mechanical, corrosion-resistant, bioactive, catalytic, wear-
resistant and antifriction properties [15,22–27]. The coatings can be up
to tens of microns in thickness and generally contain anatase and/or
rutile. They exhibit numerous pores of up to few microns in diameter
on their surfaces. The pores are formed by the discharges and gas evolu-
tion, and are typical of PEO processing of light metals. Grooved surfaces
have also been occasionally reported [28–31]. In the case of titanium,
grooves were observed in a coating formed under high frequency
voltage pulses [32], which promoted deposition of ZnO in a following
treatment designed to improve biocompatibility. However, the devel-
opment of the grooved morphology and its possible transformation to
a porous morphology have not been investigated in detail for any
substrate.
In the present work, coating formation is investigated for galvano-
static PEO of titanium in two electrolytes consisting of mixtures ofthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Voltage responses during PEO of titanium at different current densities in (a) 0.1 M H3PO4/1.5 M H2SO4 and (b) 0.9 M H3PO4/1.5 M H2SO4 electrolytes.
239O.A. Galvis et al. / Surface & Coatings Technology 269 (2015) 238–249phosphoric and sulfuric acids. It is shown that a transition in the coating
morphology, from formation of grooves to formation of pores, is mainly
dependent on the charge passed in the cell for a particular electrolyte
composition, with little inﬂuence of the current density. Further, the
critical charge is shown to be reduced by increasing the concentration
of phosphoric acid in the electrolyte. The work is potentially of practical
relevance to improving both the biocompatibility and adhesive bonding
of titanium,which are dependent upon thedetails of the surface compo-
sition and topography. For such applications, it is well established that
micron- and sub-micron scale features can play an important role in
the biocompatibility of surfaces [33,34] and the strength of adhesive
bonds [35]. The use of adhesively bonded structures is widespread in
various engineering ﬁelds, as they provide many advantages over
conventional mechanical joints [36]. In the present work, lap shear
tests are employed to compare the strength of adhesively joined
titanium pre-treated with either porous or grooved morphologies, the
results revealing a signiﬁcant beneﬁt from the latter morphology.
2. Experimental
2.1. Pre-treatment of samples
Cylindrical specimens (1.2 mm thick) of titanium (grade 2, purity
99.6%, ASTM F-67-13 [37]) were cut from a rod of 20 mm of diameter.
The specimens were ground with silicon carbide paper to a 600 gritFig. 2. Voltage responses during PEO of titanium at 50 mA cm−2 in 0.9 M H3PO4/1.5 M
H2SO4 electrolyte.ﬁnish, then degreased with acetone in an ultrasonic bath for 15 min.
Subsequently, the specimens were soaked in a mixture of HF (3%) and
HNO3 (30%) for 15 s according to ASTM B600-11 standard [38], in
order to remove the naturally formed oxide layer, and ﬁnally washed
with distilled water and dried with cool air.
2.2. Plasma electrolytic oxidation
Specimens were processed at current densities of 10, 30 and
50 mA cm−2 in 0.1 M H3PO4/1.5 M H2SO4 and 0.9 M H3PO4/1.5 M
H2SO4 electrolytes, without stirring the electrolytes. During the treat-
ments, the temperature of the electrolytes rose above room tempera-
ture. The ﬁnal temperature was ~35, 75 and 90 °C following treatments
at 10, 30 and 50 mA cm−2, respectively. In order to determine whether
the rise in temperature had a signiﬁcant effect on the formation of the
coatings, additional experiments were carried out at 50 mA cm−2,
using a stirred electrolyte and an ice bath to maintain the temperature
of the electrolyte at 20 °C. The ionic conductivities of the electrolytes
were 3.65 ± 0.01 and 3.11 ± 0.01 mS cm respectively. A two-electrode
electrochemical cell was employed, with a titanium specimen of area
7 cm2 as the anode and a platinum mesh as the cathode. The current
was provided by a DC power supply (Kepco BHK 500-0.4 MG). The cell
voltage was registered electronically by Labview 8.1 Software (National
Instruments) interfaced with a personal computer. The maximum time
of treatment in the 0.1 M H3PO4/1.5 M H2SO4 electrolyte was 2500 s for
all current densities. In contrast, the maximum time in the 0.9 M
H3PO4/1.5 M H2SO4 electrolyte was 950 s at 30 and 50 mA cm−2 and
2500 s at 10 mA cm−2. The various times were selected to avoid a
large voltage drop that occurred if treatments were carried on for longer
periods. Before PEO, all specimens were measured and weighed. After
anodizing, the specimens were removed immediately from the electro-
lyte, rinsed with deionized water in ultrasonic bath for 15 min, dried in
a cool air, and then re-weighed. For weight measurements, a Metter To-
ledoUMX5 (±0.1 μg)microbalancewas used. Images of specimenswere
acquired every 1 s during PEO, using USB microscopes controlled by in-
house software.
2.3. Characterization of coatings
Coatings were observed by scanning electron microscopy (SEM),
using a JEOL JSM 6940 LV instrument. The thicknesses of coatings
were determined using cross-sections prepared using successive grades
of SiC paper, followed by polishing to 0.25 μm diamond paste, and ex-
amined by SEM employing backscattered electrons. Phase composi-
tions were determined by X-ray diffraction (XRD), using a Philips
XiPERT-MPD (PW3050) instrument with Cu Kα radiation (λ =
0.15405 nm) at an accelerating voltage of 45 kV and current of
Fig. 3. Dependence of voltage on cell charge density during PEO of titanium at different current densities in (a) 0.1 M H3PO4/1.5 M H2SO4 and (b) 0.9 M H3PO4/1.5 M H2SO4 electrolytes.
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step size of 0.05° and a scan range from15 to 85° (in 2θ). Depth proﬁling
was carried out by glow discharge optical emission spectroscopy
(GDOES) using a Horiba-Jobin-Yvon GD Proﬁler 2 in an argon atmo-
sphere of 635 Pa by applying rf of 13.56 MHz and power of 35 W.
Light emissions at 130.223, 178.291, 365.355, and 180.738 nm for oxy-
gen, phosphorus, titanium and sulfur respectively were monitored dur-
ing the analysis with a sampling time of 0.1 s. The area of analysis was of
~4 mm diameter.
The inﬂuence of porous and grooved morphologies on the shear
strengths of adhesively bonded titanium substrates was compared
using single lap joint tests that were carried out using a tensilemachine,
adhesive type and surface preparation in accordance with ASTM stan-
dard D1002-10. However, a modiﬁed size of the specimens was neces-
sary due to the dimensions of the round titanium bar used for the PEO
treatments [39]. The tests employed a universal tensile machine
(model MX-5000) with a maximum load capacity of 5 kN, and with a
constant crosshead speed of 5 mmmin−1. The specimens were assem-
bled with an overlap of 7 mm and were held together after adhesive
applicationwith similar load blocks and cured according to the adhesive
manufacturer's instructions, i.e. 24 h at room temperature. Two-
component epoxy-resin (SinteSolda, Sinteco) was used as the adhesive,
which is commonly used for joiningmaterials, in protective coatings, as
a structural material and for preparing moulds. Coatings employed in
the tensile tests were produced at the intermediate current density of
30mA cm−2 in 0.9MH3PO4/1.5MH2SO4 electrolyte. Theywere formed
to cell charge densities of either 6.8 or 28.5 C cm−2, which correspond to
stages of coating growth where grooved and porous morphologiesFig. 4.Dependence ofweight gain on cell charge density duringPEO of titaniumat different currerespectively completely cover the specimen surfaces (Fig. 7). After the
PEO process, the specimens were rinsed with deionized water in an
ultrasonic bath for 15 min, dried in a cool air, and then tested in the
tensile machine. The tests were replicated seven times for the porous
morphology and eight times for the grooved morphology.
3. Results and discussion
Voltage–time responses during PEO at 10, 30 and 50 mA cm−2 are
shown in Fig. 1(a) and (b) for the 0.1 M H3PO4/1.5 M H2SO4 and 0.9 M
H3PO4/1.5MH2SO4 electrolytes respectively. The average rate of voltage
increase over the interval up to 100 V was 1.2, 3.2, and 7.0 V s−1 at
current densities of 10, 30 and 50 mA cm−2 respectively for 0.1 M
H3PO4/1.5 M H2SO4 (Fig. 1(a)) and at 1.8, 5.4 and 9.5 Vs−1 respectively
for 0.9 M H3PO4/1.5 M H2SO4 (Fig. 1(b)). The rates increase approxi-
mately linearly with increase of the current density and also with
increase of the concentration of H3PO4 at a particular current density.
A decrease in rate was reported for anodizing in H2SO4 solution with
increase of the electrolyte concentration [6], unlike the present trend,
suggesting that H3PO4 may reduce the coating solubility and/or oxygen
generation [40].
The end of the initial linear regions coincidedwith the appearance of
sparks on the specimen surface that persisted until the end of the
process. All of the curves then displayed an approximate plateau
followed by a voltage increase. For treatments carried out at 30 and
50 mA cm2, the rate at which the voltage increased diminished with
time and appeared to approach a relatively constant value. The potential
ranges of each stage depend on the electrolyte and the current densitynt densities in (a) 0.1MH3PO4/1.5MH2SO4 and (b) 0.9MH3PO4/1.5MH2SO4 electrolytes.
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current density and the concentration of H3PO4. Ferdjani et al. [41]
found similar trends in the voltage for treatments carried out in H3PO4
solutions, proposing that differences in slopes are related to the phase
composition of the coatings. However, it is later shown that the changes
of the present curves coincide also with a transition from a grooved
morphology to a porous one and an increase in size of the discharges.
Fig. 2 shows the voltage–time responses recorded at 50mA cm−2 in
0.9MH3PO4/1.5MH2SO4,with the temperature of the electrolytemain-
tained at 20 °C. The results of several experiments are presented, which
were terminated at different charge densities. The response is also
shown for a specimen that was treated under similar conditions except
that the electrolyte temperature was allowed to rise due to the heat
generated by the PEO process. The responses were similar for all speci-
mens in the ﬁrst ~120 s for all specimens. After this time, the voltage
increased more rapidly for the specimen treated under a rising electro-
lyte temperature. The increase was particularly noticeable from ~175 V,
when charge of 10 C cm−2 had been passed through the cell.
Voltage–cell charge density curves are shown in Fig. 3(a) and (b) for
0.1 M H3PO4/1.5 M H2SO4 and 0.9 M H3PO4/1.5 M H2SO4 electrolytes
respectively. The curves for the former electrolyte reveal a relatively
large increase in the gradient at a charge density of ~20 C cm−2 at all
current densities, and a subsequent decrease in the gradient at a charge
density of ~28 C cm−2 for current densities of 30 and 50 mA cm−2. In
the case of the latter electrolyte, an increase in the gradient occurred
at a charge density of ~5 C cm−2 electrolyte and a subsequent decrease
at a charge density of ~25 C cm−2 for current densities of 30 and
50 mA cm−2. For both electrolytes, a reduction in the gradient was
not observed at a current density of 10 mA cm−2.
Fig. 4 shows the dependence of the weight gain of the specimens
on the cell charge density. The results for the 0.1 M H3PO4/1.5 M
H2SO4 electrolyte reveal an initial linear region, with a slope of
0.012 ± 0.001 mg C−1 for all current densities, that extends up
to a charge of ~28 C cm−2. The slope then reduces to 0.005 ±
0.001mg C−1 at 30 and 50mA cm−2. Theweight gains at the transition
are in the range 0.30 to 0.35 mg cm−2. No transition is evident at
10 mA cm−2, probably due to the relatively low charge passed andFig. 5. Discharge appearances during PEO of titanium at 30 mA cm−2 in 0.9 M H3PO4/1the low weight gain achieved. In the case of the 0.9 M H3PO4/1.5 M
H2SO4 electrolyte, the ﬁrst region shows an average weight gain of
0.026 ± 0.004 mg C−1 for all current densities. The weight gain is
non-linear, decreasing with increase of charge. The transition occurs at
a charge density of ~7 C cm−2, when the weight gain is ~0.20 to
0.25 mg cm−2. In contrast to the ﬁrst region, the slope in the second
region depends signiﬁcantly on the current density, with values of
0.001 ± 0.001, 0.006 ± 0.001 and 0.0085 ± 0.0005 mg C−1 at 10, 30
and 50 mA cm−2 respectively. The conversion of titanium into TiO2 at
100% Faradaic efﬁciency results in a weight gain of 0.083 mg C−1.
Assuming that the weight gain is mainly due to formation of TiO2, the
slopes of the regions of Fig. 4 allow an efﬁciency of oxide formation
of ~15% to be estimated up to the transition at ~28 C cm−2 for the
0.1 M H3PO4/1.5 M H2SO4 electrolyte, and ~6% after the transition. An
efﬁciency of ~36% is estimated up to the transition for the 0.9 M
H3PO4/1.5 M H2SO4 electrolyte, thereafter reducing to ~1, 7 and 10% at
current densities of 10, 30 and 50 mA cm−2 respectively. It is clear
that the efﬁciency for both electrolytes is highest at the initial stages
of the PEO and then decreases signiﬁcantly between the stages of
groove formation and pore formation, with the coatings formed in
0.9 M H3PO4/1.5 M H2SO4 showing a higher efﬁciency than those
formed in 0.1 M H3PO4/1.5 M H2SO4. The calculations of the efﬁciency
neglect the incorporation of phosphorus and sulfur species into the
coating and possible dissolution of titanium. Thus, they represent
upper limits of the true efﬁciencies. Later results of GDOES indicate
that sulfur is a negligible constituent of the coatings. Work of others
revealed 3 to 5 at.% phosphoruswithin coatings formed in an electrolyte
similar to those employed in the present study [41]. Delplancke and
Winand also found low oxide yields for PEO of titanium in 1 M H2SO4
electrolyte, in the range of 11 to 21% [42].
The appearances of specimens during treatment at 30 mA cm2 in
0.9 M H3PO4/1.5 M H2SO4 are shown in the optical images of Fig. 5.
Other anodizing conditions produced similar results. Evolution of
oxygenwas observed from theﬁrst few seconds of the process, followed
by a sequence of interference colors due to formation of an oxide of
increasing thickness [43,44]. The oxygen evolution probably accounts
for the low efﬁciencies of coating growth. Numerous, blue sparks of.5 M H2SO4 electrolyte. The cell charges (C cm−2) are indicated for each specimen.
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gradually covered the whole coating surface, causing a color change
from a faint pink to gray. At about 70 s, the population density of the
sparks decreased and their size increased. At the same time their color
changed to white. Similar observations have been reported in the liter-
ature [45–47]. Between 225 and 900 s, a relatively small number of
large, bright sparks were present at the coating surface. The charge
densities that had passed through the cell at 225 and 900 s were 6.8
and 27 C cm−2. Later results of SEM indicate that the appearance of
the larger, brighter sparks coincidedwith a transition in themorphology
of the coating surface.
Figs. 6 and 7 show scanning electron micrographs of the surfaces of
specimens treated at 10, 30 and 50 mA cm−2 in 0.1 M H3PO4/1.5 M
H2SO4, and 0.9 M H3PO4/1.5 M H2SO4 respectively. Fig. 6 reveals that a
major change in the morphology of the coating surfaces occurred at a
charge density between ~18 and 30C cm−2 at 30 and 50mAcm−2. Dur-
ing growth of coatings to charge densities of 3.1 and 5.5 C cm−2, small
craters with short, linear pores were formed across the coating surfaces.
Clusters of small, approximately circular pores were also evident in oc-
casional locations. Following passing of a charge density of ~18 C cm−2,
a grooved morphology, which has developed from the short linearFig. 6. Scanning electron micrographs of coatings formed by PEO of titaniumpores, extended across most of the specimen surfaces. However,
patches of approximately circular pores occurred in places, and some lo-
cations showed a nodular surface, which appeared to be unaffected by
dielectric breakdown, revealing neither pores nor grooves. In contrast,
at a charge density of ~30 C cm−2, the coatings exhibited a mainly po-
rous morphology. Comparison with the results of Fig. 3, which shows
the dependence of the voltage on the charge density during formation
of the coatings, indicates that the change in slope at a charge density
of ~20 C cm−2 coincides closely with the extension of the groovedmor-
phology to most regions of the coating surfaces, while the second
change in slope, at a charge density of ~28 C cm−2, coincides closely
with the attainment of almost fully porous surfaces. The intermediate
regions of charge, of increased slope compared with the preceding and
succeeding regions, represent the transition between the twomorphol-
ogies. Further, the weight gain data of Fig. 4 reveal a signiﬁcant change
in slope at a charge density of ~28 C cm−2, which correlates with the
formation of the porous morphology according to the observations of
SEM. The arrows in Figs. 3 and 4 indicate the dominant morphologies
of the breakdown regions that are developed at the various stages of
coating growth. Lin et al. [48] have previously observed an oxide ﬁlm
with barrier layer features and small areas of pores, similar to thoseat different current densities in 0.1 M H3PO4/1.5 M H2SO4 electrolyte.
Fig. 7. Scanning electron micrographs of coatings formed by PEO of titanium at different current densities in 0.9 M H3PO4/1.5 M H2SO4 electrolyte.
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higher charge densities, the coating displayed a porous morphology,
with pores of diameter 1.1 ± 0.2 and 1.5 ± 0.3 μm for coatings formed
at 30 and 50 mA cm−2 respectively.
The morphology of the coating formed at 10 mA cm−2 evolved
more slowly than at higher current densities, and a uniform porous
morphology had not been fully formed by the termination of the
treatment. The coating formed to the lowest charge density of
3.1 C cm−2 displayed formation of incipient grooves, occasional
patches of small, approximately circular pores and relatively more
numerous nodules that appeared to consist of cracked oxide. The
appearance of the nodules resembled the morphology produced by
ﬁeld-crystallization of anodic oxides [49]. Following formation to a
charge density of 15.0 C cm−2, the grooves dominated the regions
of dielectric breakdown on the coating surface, with small pores,
cracked nodules and regions unaffected by breakdown also being
present. At higher charge densities, the surface displayed a mixture
of pores and short grooves.
Fig. 7 shows a similar transition from a grooved to porous morphol-
ogy for the coatings formed in the 0.9MH3PO4/1.5MH2SO4 electrolyte.
Unlike the coatings formed in the previous electrolyte, small pores, pre-
cursor grooves and nodules were not observed at the lowest charge
densities for which observations were made, i.e. in the range 0.9 to1.5 C cm−2. The formation of grooves appeared to take place from the
start of dielectric breakdown. At a charge density of ~7 C cm−2, the
surfaces of the coatings are mainly grooved at all current densities. In
contrast, at a charge density of ~25 C cm−2, the surfaces are mainly of
the porous type, with a few remnants of grooves in the coatings formed
at 10 and 30 mA cm−2. An intermediate morphology, consisting
of pores and remnants of the grooved morphology, is evident
at ~12 C cm−2. Figs. 3 and 4, depicting the dependence of voltage and
weight gain on the charge density, reveal signiﬁcant changes in slope
at a charge density of ~5 to 7 C cm−2 at all current densities, coinciding
closely with the charge at which the grooved morphology has been
developed at most coating regions. Thereafter, the weight gains for the
different current densities diverge in association with the transition to
the porous morphology. Fig. 5 also shows that the appearances of the
sparks of a specimen treated at 30 mA cm−2 had increased in size and
brightness at a charge density of 6.8 C cm−2, with the appearance
remaining relatively similar up to the ﬁnal time illustrated when the
charge density had reached 27 C cm−2. In this range of charge, the
morphology of the coating surface was changing from grooved to
porous. The pore diameters were 1.4 ± 0.3 and 1.7 ± 0.5 μm for
coatings obtained at 30 and 50 mA cm2 respectively. At 10 mA cm−2,
the transformation is incomplete, with circular and elongated pores
being evident. The pores appear to arise from fusion of the earlier
244 O.A. Galvis et al. / Surface & Coatings Technology 269 (2015) 238–249formed grooves. Formation of grooves takes place from the onset of
breakdown and continues at voltages up to ~150 V in 0.1 M H3PO4/
1.5 M H2SO4 and ~175 V in 0.9 M H3PO4/1.5 M H2SO4, with more
prominent grooves forming in the latter electrolyte.
Fig. 8 compares the morphologies of coating surfaces following
treatments at 50 mA cm−2 in the 0.9 M H3PO4/1.5 M H2SO4 without
and with control of the electrolyte temperature. For both temperature
conditions, a transition is from a grooved morphology to a porous mor-
phology. Treatments at 6.5 C cm−2 resulted in similar groovedmorphol-
ogies for both electrolyte conditions. An increased charge density of
11.5 C cm−2 led to partial transformation of the morphology, as pores
replaced grooves. However, the transformation of the coating surface
had progressed further when the electrolyte temperature was not con-
trolled and by a charge density of 22.5 C cm−2 pores occupied thewhole
of the coating surface. In contrast, grooves were still prevalent for the
coating formed at 20 °C and remnants of grooves could still be observed
at a charge density of 47.5 C cm−2. Furthermore, under the latter condi-
tion, relatively numerous large craters were formed in the coating.Fig. 8. Scanning electron micrographs of coatings formed by PEO of tiIt is clear from Figs. 6 and 7 that the morphological transition
requires less time to complete when a higher current is employed.
These results and those from weight gain measurements and observa-
tions of sparks (Figs. 4 and 5 respectively) indicate that the coating
morphologies depend on the charge density supplied to the specimen.
Sparks initially form elongated pores and then the grooves. It appears
at this stage that the sparks travel on the coating surface. The grooves
may develop due to local heating and pressure at the initial spark site,
which causes breakdown of adjacent oxide. Thicker oxide is formed as
a consequence of the spark, which causes subsequent breakdown
events to occur preferentially on unaffected regions of the coating
surface, where the oxide is thinner. The process continues until the
whole surface is covered by grooves and thickened oxide. The sparks
then intensify, accompanied by a voltage rise (see Fig. 1), leading to
the formation of the pores, which appear to be distributed randomly
in the coating. The sites of breakdown of the coating are presumed to
be locations of defects, such as oxygen bubbles or cracks within the
coating. It is widely reported that the decrease of the population densitytanium at 50 mA cm−2 in 0.9 M H3PO4/1.5 M H2SO4 electrolyte.
Fig. 9. Scanning electron micrographs (backscattered electrons) showing cross-sections of coatings formed by PEO of titanium at different current densities in 0.1 M H3PO4/1.5 M H2SO4
and 0.9 M H3PO4/1.5 M H2SO4 electrolytes. The coatings were formed to the ﬁnal times of Fig. 1.
245O.A. Galvis et al. / Surface & Coatings Technology 269 (2015) 238–249and increase of the size and intensity of sparks are associated with
larger pores [14,26,46,50,51]. Several researchers [9,52] have studied
anodizing of titanium in mixtures of sulfuric and phosphoric
acids, reporting only porous morphologies. Previously, the grooved
morphology was speculatively attributed to fusion of pores under
increased heating at the higher frequency [32].
The transition to a porous morphology during a treatment at
50 mA cm−2 is promoted in an electrolyte in which the temperatureFig. 10.XRD analysis of porous PEO coatings formed on titanium in (a) 0.1MH3PO4/1.5MH2SO
950 s for 10, 30 and 50 mA cm−2, respectively.of the electrolyte is allowed to rise during the treatment and results in
a more uniform surface. A similar effect of the electrolyte temperature
may be anticipated for PEO at 30 mA cm−2, which also causes a
large increase in temperature. However, the temperature rise at
10 mA cm−2 is relatively modest and is likely to have a much smaller
inﬂuence on the coating morphology. The lower electrolyte tempera-
ture at 10 mA cm−2 results from both the lower current density and
the lower cell voltage. The PEO process generates heat from the4 at 2500 s for all current density values and (b) 0.9MH3PO4/1.5MH2SO4 at 2500, 950 and
Fig. 11. XRD analysis of grooved PEO coatings formed on titanium at different current densities in (a) 0.1 M H3PO4/1.5 M H2SO4 and (b) 0.9 M H3PO4/1.5 M H2SO4 electrolytes.
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and from the Joule heating due to the resistance of the coating to pas-
sage of the ionic and electronic current. The increase in temperature of
the coating under a particular condition of PEO is dependent on the
rate of heat ﬂow from the coating to the titanium substrate and to the
electrolyte. The temperature of the electrolyte at the coating surface
will exceed the temperature of the bulk solution due to the temperature
gradient across the boundary layer at the coating surface. However, the
turbulence created by the generation of gas bubbles at the coating sur-
face will assist the heat transfer. The large craters formed at the later
stage of coating formation at 50 mA cm−2 in the 0.9 M H3PO4/1.5 M
H2SO4 when the electrolyte was controlled suggest that current be-
comes concentrated at these sites, possibly due to a self-accelerating pro-
cess associated with an initial local temperature rise of the coating. In
contrast, in the higher temperature electrolyte, a more uniform distribu-
tion of the current appears to be maintained despite a higher voltage
being achieved under this electrolyte condition.
Fig. 9 presents backscattered SEM micrographs of polished cross-
sections of the coatings formed in each electrolyte to the ﬁnal time of
PEO. The coatings increase in thicknesswith increase of current density,
with average values of 3.0, 7.4 and 11.2 μm for the coatings formed in
the 0.1 M H3PO4/1.5 M H2SO4 electrolyte and 3.4, 4.0 and 6.1 μm for
coatings formed in the 0.9 M H3PO4/1.5 M H2SO4 electrolyte for current
densities of 10, 30 and 50 mA cm−2 respectively. The coatings reveal
porous morphologies typical of PEO coatings, the pores resulting from
the formation of discharge channels and oxygen evolution. The coatings
formed the 0.9 M H3PO4/1.5 M H2SO4 electrolyte reveal relatively large
pores that tend to be distributed non-uniformly, often being present in
the inner region of the coating. In comparison, the coatings formed in
the 0.1 M H3PO4/1.5 M H2SO4 electrolyte appear to have more
numerous, ﬁner pores distributed relatively uniformly through the
coating thickness. Detailed studies of porosity in PEO coatings have
revealed a wide distribution of pore size, including signiﬁcant
porosity of nanometer size that cannot be revealed by conventional
SEM [53].
XRD patterns of specimens anodized to the ﬁnal times in the two
electrolytes are shown in Fig. 10. Characteristic peaks of the substrate
and the coatings are evident. Coatings formed in both electrolytes at
10 mA cm−2, and in 0.9 M H3PO4/1.5 M H2SO4 at 30 mA cm−2 reveal
only anatase. Other coatings, formed in 0.1 M H3PO4/1.5 M H2SO4 at30 to 50 mA cm−2 and in 0.9 M H3PO4/1.5 M H2SO4 at 50 mA cm−2,
revealed both anatase and rutile. The coatings formed in the latter
electrolyte also contained amorphous material, as evident from the
broad peak centered at ~25°. In contrast, XRD patterns of Fig. 11 for
specimens oxidized to the stage of the grooved morphology reveal
anatase as the only crystalline phase. The occurrence of anatase at
potentials near 150 V and the appearance of rutile at higher potentials
and current densities is consistent with previous reports [6,48,50,54],
suggesting that anatase transforms to rutile during the PEO treatment.
Further, changes in the slopes of voltage responses in the ﬁrst seconds
of anodizing have been related to transformation of the initial
amorphous phase into anatase or rutile [55]. It is known that anatase
is stable at low temperature, but may be converted into rutile when
heated above 900 °C [56]. It has been suggested that the temperature
and pressure in the discharge zones may reach 3700–37,000 °C and
102–103 MPa respectively, thus being sufﬁcient to develop and trans-
form the coating structure, with an increased intensity of discharges at
higher voltages [57].
GDOES depth proﬁles are displayed in Fig. 12(a) and (b) for the
coatings formed in 0.1 M H3PO4/1.5 M H2SO4 and 0.9 M H3PO4/1.5 M
H2SO4 respectively. The proﬁles show that the coatings contain oxygen,
phosphorus and sulfur, with similar distributions in the layer regardless
of the anodizing conditions. The amount of phosphorus incorporated
into the coating increases with the concentration of H3PO4 in the
electrolyte, as expected [41], while the concentrations of sulfur in the
coatings were low for both electrolytes, with signals in most regions
appearing to be close to the background level, apart from a possible
increase near the coating base. The distribution of phosphorus indicates
the access of the electrolyte to the inner regions of the coating through
breakdown channels. Others have suggested that precipitation and
re-dissolution of phosphate may occur in the discharge channel, with
migration of phosphate into the inner parts of the coating under the
high electric ﬁeld [24]. Consequently, the concentration of phosphorus
species is increased toward the ﬁlm/ substrate interface. This could
explain the increased phosphorus and sulfur signals near the base of
the coatings in the depth proﬁles of Fig. 12. Lee et al. [52] formed PEO
coatings by PEO of titanium at a constant voltage of 180 V in
1.5 M H2SO4/0.3 M H3PO4, 1.5 M H2SO4/0.6 M H3PO4, and
1.5 M H2SO4/0.9 M H3PO4 electrolytes, ﬁnding mainly phosphates
(H2PO4, PO4−, HPO4−, PO3−) by X-ray photoelectron spectroscopy.
Fig. 12. GDOES depth proﬁles of PEO coatings formed on titanium at different current densities in (a) 0.1 M H3PO4/1.5 M H2SO4 and (b) 0.9 M H3PO4/1.5 M H2SO4 electrolytes.
247O.A. Galvis et al. / Surface & Coatings Technology 269 (2015) 238–249Marino et al. [58] reported the incorporation of phosphates and
phosphides into the coating during anodizing in phosphate buffers
at pH 1 and 5. Others have suggested the presence of P2O5 [9].Fig. 13. Inﬂuence of (a) porous and (b) grooved morphologies on the shear strength of
adhesively joined titanium.Future work of the authors will explore the composition and
morphology of the present coatings in more detail, using high
resolution analytical electron microscopy. The presence of oxygen
and titanium in the elemental distributions obtained by GDOES
for the present coatings is consistent with the occurrence of rutile
and anatase as detected by XRD. No crystalline phosphorus-
containing phase was detected by XRD, which may be due to
the low concentration of such phases or to the presence of the
phosphorus in amorphous material.
Fig. 13 shows that the values of the shear strength obtained from
tensile tests of lap-shear joints prepared with porous and grooved
morphologies. In order to prepare the surface morphologies, PEO was
carried out at the intermediate current density of 30 mA cm−2 in
0.9 M H3PO4/1.5 M H2SO4 electrolyte. The treatments were terminated
at charge densities of 6.8 and 28.5 C cm−2 in order to generate grooves
and pores respectively. Under these conditions, a relatively complete
coverage of the surface by either grooves or pores can be achieved as
revealed in Fig. 7. The porous morphology resulted in shear strengths
in the range 489 to 892 N mm−2, with an average value and standard
deviation of 713 ± 196 N mm−2. In comparison, the shear strengths
with the grooved morphologies ranged from 747 to 1566 N mm−2,
with an average value and standard deviation of 1155 ± 295 N mm2.
Fig. 14. Scanning electron micrographs (secondary electrons) of the failed surfaces showing the difference in the amounts of adhesive on the porous and grooved surfaces.
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grooved morphology compared with the porous morphology. Only
one test of the grooved morphology gave a shear strength that was
signiﬁcantly less than those of all tests with the porous morphology.
SEM and visual examinations showed that the joint failed close to the
coating–resin interface. Fig. 14 shows the difference in the amounts of
adhesive on the porous and grooved surfaces. Some regions of the
coating surface appeared to be resin-free. In other places, the resin
appeared to have penetrated the grooves and pores (indicated by ar-
rows), butwithmore resin being evidentwithin the grooves thanwith-
in the pores. The results suggest that the grooves allow greater
penetration of the epoxy-resin adhesive into the coating than the
pores, thereby improving the keying of the resin to the coating.
There may also be differences in the details of the composition and
nanoscale topography of the surfaces that affect the bonding. How-
ever, any such differences could not be resolved by the present anal-
yses. The coatings were formed in the same electrolyte and anatase
was the only crystalline phase in both coatings, such that differences
in chemical composition are possibly relatively small. At the avail-
able resolution of the SEM examination, the failure appeared to be
of a mixed adhesive-cohesive mode. Further, the stronger bonding
was obtained with the thinner coating, such that coating thickness,
which might allow deeper penetration of adhesive, does not appear
to be a signiﬁcant factor in the strength of the joints. Heida et al.
[59] fabricated a nanostructured anodic oxide on a titanium alloy in
1.0 M H3PO4 solution containing 0.5% NaF in order to improve the
adhesive strength of a medical polymer. They found that the adhe-
sive strength of the polymer coating on the nanostructured surface
was 144% greater than on an untreated surface, concluding that the
nanostructured surface provided anchoring of the coating, with
failure occurring within the anodic oxide.4. Conclusions
Coatings formed galvanostatically on titanium, at current densities
from 10 to 50 mA cm−2 in 0.1 M H3PO4/1.5 M H2SO4 and 0.9 M
H3PO4/1.5 M H2SO4 electrolytes reveal initially a grooved surface
morphology, which precedes the formation of a more usual porous
morphology. The morphological transition occurs in a range of cell
charge that depends strongly on the composition of the electrolyte,
but weakly on the current density, occurring over a signiﬁcantly higher
range of charge for the 0.1 M H3PO4/1.5 M H2SO4 electrolyte compared
with the 0.9 M H3PO4/1.5 M H2SO4 electrolyte.
The formation of the grooved coating occurs at a higher efﬁciency
than the formation of the porous coating, with the weight gain per
unit charge passed in the cell for the grooved morphology being ~2
times greater in 0.1 M H3PO4/1.5 M H2SO4, and at least 3 times greater
in 0.9 M H3PO4/1.5 M H2SO4, than for the porous morphology.The morphological transition coincides with increases in the cell
voltage and changes in the population density, color and intensity
of sparks. Anatase is present in grooved coatings, while rutile may
also occur in porous coatings. GDOES also revealed the presence of
phosphorus species, and relatively negligible amounts of sulfur species,
the concentration of the former species being dependent on the concen-
tration of H3PO4 in the electrolyte.
The grooved morphology resulted in a ~62% higher shear strength
than a porous morphology in adhesive bonding tests. The increased
strength is suggested to be due to improved penetration and keying of
the adhesive into the grooved surface compared with the porous
surface.
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